Abstract -Lipopolysaccharides are t h e 0-antigens and the endotoxins of Gramnegative bacteria. They a r e localized in the outer membrane of t h e bacterial cell wall and play an important role in t h e pathogenicity of bacterial infections, as well as in interaction with the host and its defense system. Lipopolysaccharides share a common architecture. They are built by a hydrophilic polysaccharide region which shows high structural variability and by a much less variable hydrophobic lipid moiety, termed lipid A, which anchors t h e molecule in t h e outer membrane of t h e cell wall. Lipid A is responsible for t h e pathophysiological properties of t h e so-called endotoxins.
INTRODUCTION
Lipopolysaccharides (LPS) a r e a family of structurally related amphiphilic (macro-) molecules which share t h e same general architecture. They a r e essential constituents of the cell walls of almost all Gram-negative bacteria and of some cyanobacteria (ref. 1-3) . Here they a r e exclusively localized in the outer leaflet of t h e outer membrane (ref. 4,5). With immuno-cytochemical methods, e.g. with ferritinor gold-labeled specific antibodies and by using the "whole mount" technique, one could demonstrate that LPS is evenly distributed all over t h e entire bacterial surface (ref.
6).
Lipopolysaccharides a r e t h e main heat-stable antigens of the bacterial cell and as their so-called 0-antigens have been of utmost importance for t h e classification (serotyping) of many Gram-negative species (ref. 7). Bacteria, invading a higher organism, a r e recognized by t h e body's defense system due to these distinct surface antigens and antibodies a r e subsequently produced directed against epitopes or determinants being embedded in or being part of t h e species-specific carbohydrate chain of the 0-antigenic lipopolysaccharides. The antibodies, directed against these 0-specific determinants, a r e opsonic and bactericidal, and they may even protect against subsequent infections with antigenically related pathogens (ref.
2,8).
I t was recognized almost a hundred years ago that material released from desintegrating bacteria causes a variety of pathophysiological effects and this material was therefore termed endotoxin by R. Pfeiffer (ref. 2, 8) , to discriminate it from exotoxins, known to be excreted by a number of important pathogenic bacteria.
The pathophysiological effects caused by endotoxins, such as fever, changes in the white blood cell count, disseminated intravascular coagulation, or -with higher doses-even irreversible shock and death, can be elicited also with highly purified isolated lipopolysaccharides, indicating t h a t they a r e carrying t h e (partial) structure endowed with these endotoxic properties (ref. 9,lO) . Today, this endotoxically active domain is recognized as lipid A (ref. 1, 2, 9). The structural elucidation of enteric lipid A has been reported (ref. 10 , 11) and t h e chemical synthesis has been completed (ref. 12, 13) . The synthetic product, equivalent with E.coli lipid A, had the same biological properties as lipid A obtained from t h e natural product (ref. 9, 1 4 ) .
The three designations: lipopolysaccharide, 0-antigen and endotoxin a r e simultaneously used today, depending however, on the specific property or function which should be emphasized (ref.
, 8).

GENERAL ARCHITECTURE OF LIPOPOLYSACCHARIDES
Distinct architectural elements a r e shared by lipopolysaccharides from various Gram-negative bacteria, despite of t h e immense structural diversity existing. The schematic architecture showing the characteristic building blocks observed with lipopolysaccharides from wild-type species is depicted in Fig. 1 . Enterobacterial LPS, but also LPS f rom species of non-enterobacterial families, is built of three distinct structural regions: region I represents t h e 0-specific chain, region 11, t h e core oligosaccharide and region III, t h e lipid A moiety (ref. 1, 8, 15 
Shtgolla sonnei phase I Eschertchia coli 08 -~a n S M a n -3 M a n 2 -- -- Hexose ( The diversity in 0-chain structure and composition may have developed during evolution, at least in endosymbiotic species, in order to escape t h e host's immune system by again and again developing new specificities on t h e cell surface and thus t o hide t h e common units, namely lipid A with the inner core region attached to it, which a r e essential for bacterial growth and multiplication. Thus, t h e 0-chains may protect bacteria against phagocytosis and against the bactericidal action of serum, and they may even allow the bacteria, as found with some intracellular species (e.g. Coxiella burnetii), t o survive and to multiply in the otherwise very hostile milieu of phago-lysosomes ( r e f r 0-specific chains represent, however, also the receptor sites for a number of 0-specific (lysogenic) bacteriophages (ref. 37). All lipopolysaccharides, irrespective of their origin, show considerable heterogeneity. In fact, lipopolysaccharide isolates obtained even from a single cultivation, represent a family of macromolecules differing in t h e length of their individual 0-chains (ref. 38, 39). They usually also comprise a fraction having unsubstituted core-stubs (R-LPS). This heterogeneity is due to t h e way lipopolysaccharide is biosynthesized and it is known that heterogeneity occurs in all three structural regions of LPS ( Fig. 1) have not yet been investigated. The two routes of 0-chain biosynthesis a r e schematically depicted in Fig. 3 , and they a r e designated, following t h e nomenclature of Shibaev (ref. 43) , as t h e "monomeric" and t h e "block mechanism". The "block mechanism" has been observed for 0-chain biosynthesis in Salmonella typhimurium and in a few related Salmonella serotypes (ref. t h e completed O-chain is transferred to the core-lipid A by the action of t h e 0-translocase system (ref. 
16). By this mechanism t h e chain is growing from t h e reducing end ("headwards"
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The "blcck mechanism" Fig. 3 . General reaction mechanisms for t h e enzymatic polymerization of 0-chains, modified according to Robyt (ref. 42 ): (A) shows t h e "monomeric mechanism" (according to Shibaev ref. 43 It is justified to discuss separately the structure of the outer core region ("hexose-region") and that of the "inner core region" ("heptose-KDO-region"), not only because of their different and characteristic constituents, but also because both regions seem to be differently preserved during bacterial evolution.
The outer core region. Fig. 6 shows, as an example, the structures of two pairs of closely related core-types found in E.coli and in Citrobacter (ref. 60, 63). They differ only in the nature (and t h e linkage) of the b r a n c h i n g s s e , depicted in bold letters (Fig. 6) . Members of each pair of the core structures exhibit strong serological cross-reactions due to shared epitopes (ref. 581, but they do not cross react with members of the other group.
In non-enterobacterial species the outer core region may also be present, but is also often completely missing. The different core-types can be recognized and distinguished by their characteristic sensitivity pattern towards a set of R-specific bacteriophages (ref.
37, 58).
The inner core region. The KDO-containing inner core region seems to be of lower variability, at least with enterobacterial strains. The make-up of the Salmonella minnesota R7 core region was elucidated using methylation analysis (ref. 64) and is depicted in Fig. 7 (Fig. 8) . At least one KDO-residue, or a derivative of it, or, in rare cases, a KDO-analogous substance (Table 31, all having free carboxylic groups at C-I, a r e found in lipopolysaccharides, indicating their extreme importance for t h e bacterial cell. The linkage-KDO unit is a-ketosidically bound to the primary hydroxyl group of t h e non-reducing glucosamine in case of ClcN-containing lipid A's ( ref. 8, 72, 73 ), or to t h e primary hydroxyl group of a 2,3-diamino-2,3-dideoxy-Q-glucose in case of lipid A (ref.
74, 75).
The same KDO which carries t h e polysaccharide chain is-functioning also as linkageDu$g between t h e polysaccharide chain and t h e lipid A moiety, (Fig. 7) . At Deviating core-structures. In a number of non-enterobacterial LPSs deviating core-structures have been recognized ( Fig. 8; ref. 68, 69, 70, 71) . So far however, for these core-regions only part-structures have been elucidated. In addition to KDO, the complete R-type and S-form LPSs of Rhodobacter ca sulatus contain t h e structurally related sialic acid in a chain-linked position within the core-region ( 2 * surprising, since sialic acid cccurs only rarely in microorganisms and has been found so far only in Kantigens. Thus, phylogenetically distant, non-enterobacterial bacteria appear to have developed differing corestructures during evolution, KDO however is common to all of these core-regions. KDOp/KDOf, pyranosidic and furanosidic form of KDO. Data according to (ref. 20, 21, 66, 67, 70, 71) . 
KDO -a target for antibiotics
Since KDO is neither present in cells nor tissues from animals or humans, it represents a promising target in the design for new anti-bacterial agents. Inhibitors, which block specifically t h e incorporation of 3-deoxy-D-manno-octulosonate (KDO), such as 2,8-dideoxy-8-amino-R-KDO may be used as antibacterial agents. These derivatives and others (ref. 82a, 82b) a r e potent inhibitors of t h e enzyme CMP-KDO-synthetase (Fig. 9) . Since these molecules are unable to cross t h e cytoplasmic membrane they showed only little antibacterial activity. If one substitutes, however, the 8-amino-group of t h e KDO-analog by a dipeptide (e.g. by L-alanyl-L-alanine) t h e bacterial peptide-permease system transports this prodrug into t h e cell, wh&e the inhibitor is subsequently released by t h e action of intracellular peptidases. Good in vitro activity against E.coli and Salmonella was observed with this new antibiotic (ref. 82b).
REGION 111: THE LIPID A
The detailed chemical structure of lipid A from enterobacterial and from some non-enterobacterial species has been elucidated recently (ref. 73, 83, 84, 85, 86, 87) .
The lipid A moiety of Proteus mirabilis as an example of a highly toxic enterobacterial lipid A (ref. 85), is depicted in Fig. 10 . Its lipid A moiety is made up by a 1,4'-bisphosphorylated 13-1,6-Q-glucosaminyI-Qglucosamine disaccharide, a structure common to a number of lipid A's isolated fro-m many bacterid genera ( ref. 1, 73) . The backbone is acylated at positions 2 and 2' with amide-linked 3-hydroxylated fatty acids and at positions 3 and 3' with ester-linked 3-hydroxy f a t t y acids (in this case with 3-OH-14:O). As indicated in Fig. 10 , the hydroxyl groups of these f a t t y acids a r e usually, at least partly, substituted by non-hydroxylated f a t t y acids, such as myristic acid (14:O) at positions 2' and 3' (on t h e non-reducing glucosamine) and palmitic acid (16:O) at position 2 (on t h e reducing glucosamine) (ref. Osaka (ref. 12, 13) and the biological properties of t h e natural and t h e synthetic compounds were shown to be identical in all test systems investigated (9, 88). This was determined for lethality, pyrogenicity, the local Shwartzman activity, changes in t h e white blood cell count, in activation of macrophages, and in B-cell mitogenicity (ref. 29). It was, however, noted that t h e natural products show in most cases a considerable structural heterogeneity, both in t h e lipid part (non-stoichiometric substitutions of 3-hydroxy fatty acids), but also in the substitution of t h e phosphate residues by polar head-groups [see as an example the presence of 4-amino-&-arabino-pyranose (Ara-4N in Fig. lo) The multiform biological and pathophysiological properties of endotoxins and their synthetical equivalents have been extensively described and covered in recent reviews (ref. 8, 29 ) and will therefore not be discussed here in extenso. The first group has t h e same amino sugar disaccharide, namely t h e 13-1,6-linked Q-glucosaminyl-Q-glucosaminedisaccharide, as found with the toxic enterobacterial lipid A (Fig. I l) ,-some species lack, however, the In other lipid A's, the otherwise free hydroxyl group at position 4, is substituted by an additional (non-acylated) glucosamine residue, as in the case of Rhodoc clus tenuis (ref. 35, 86) . All these lipid A variants exhibit low or even lacked lethality and py&r -4) .
LIPID A VARIANTS OF LOW TOXICITY
Of special interest is t h e serologically, with Salmonella lipid A completely cross-reacqng upid A-variant present in Rhodobacter capsulatus 37b4 (ref. 971, which shows a toxicity which is 10 -10 times lower than t h e one of Salmonella lipid A, assayed in t h e same system, namely t h e galactosamine-treated mouse (ref. 98) (Table 4) . It is of interest that lipid A synthase of a, accepts not only UDP-activated N,e-2,3-diacyl-Qglucosamine (UDP-lipid X) to form the tetra-acyl-glucosamine-disaccharide-I-phosphate (ref. 79 ) bCt also the 2,3-diamino-derivative of lipid X, namely lipid X (ref. 74,101) . Thus it was possible to obtain in vitro backbone structures with "mixed disacch%%es"
with either B-1,6-diaminoglucosy1-glucosamine-I-phosphate or with I3-1,6-glucosaminyl-diaminoglucose as sugar backbone, depending whether UDP-lipid X and lipid XDAG or UDP-lipid XDAG and lipid X were present in the incubation mixture (ref. 74 , and F. Unger, Vienna, personal communication). So far, 2,3-diamino-2,3-dideoxy-Q-glucose has been detected in lipopolysaccharides from about 25 species belonging to twelve different genera (ref. 19, 74) , showing t h a t lipid ADAC is rather widespread amongst non-enterobacterial species. It has been found also in important pathogens, like in Brucella abortus and Brucella melitensis (ref . 102) . There is strong indication that "mixed" lipid A backbones do G i s t in phototrophic bacteria, especially in Chromatiaceae although they have so far not been definitely proven (ref. As an example, t h e a-and t h e B-branch of t h e phylogenetical t r e e of purple bacteria a r e shown in Fig. 13 
CONCLUDING REMARKS
It has been shown that 0-chains of lipopolysaccharides exhibit a very high structural variability. The more proximal (to lipid A) region of t h e outer core still shows considerable structural variation, but t h e inner core region and lipid A express only limited variability and this variability is of taxonomic and even of phylogenetic significance (ref. 17, 74). One can conclude from these findings that those partial structures which are essential for bacterial growth and multiplication a r e forming the non-variant domain of lipopolysaccharides (ref. 8). KDO or distinct KDO-analogs (Table 2) a r e needed for bacterial survival. It can be imagined t h a t lipid A, and likewise lipid A variants, a r e not more than highly elaborated and easily modifiable lipid anchors for KDO residues, which may keep KDO in a correct position on the bacterial surface. I t is known t h a t KDO in co-operation with divalent cations, such as Ca++ and Mg++ plays an essential role in t h e organization and in t h e inter-linkages of t h e components of t h e outer membrane (ref. 81, 4, 5) . From t h e f a c t that lipid A of the phototrophic water bacterium Rhodocyclus gelatinosus is of very high lethal toxicity (ref. 94), one recognizes, that t h e endotoxic principle was invented early in evolution (ref.
2) and independent from a specific host-parasite interaction. Endotoxicity could just be an accidental property of a molecule used as an anchor of KDO in the outer membrane ( ref. 19) . The diversity in 0-chain structures developed especially in endosymbiotic species to escape t h e immune system of t h e host and to hide t h e common and essential KDO-lipid A region from t h e attack of t h e immune system, has already been mentioned.
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